RNAscope® technology provided by Advanced Cell Diagnostics (ACD) allows the detection and evaluation of coinciding mRNA expression profiles in the same or adjacent cells in unprecedented quantitative detail using multicolor fluorescent in situ hybridization (FISH). While already extensively used in thinly sectioned material of various pathological tissues and, to a lesser extent, in some whole mounts, we provide here a detailed approach to use the fluorescent RNAscope method in the mouse inner ear and thick brain sections by modifying and adapting existing techniques of whole mount fluorescent in situ hybridization (WH-FISH). We show that RNAscope WH-FISH can be used to quantify local variation in overlaying mRNA expression intensity, such as neurotrophin receptors along the length of the mouse cochlea. We also show how RNAscope WH-FISH can be combined with immunofluorescence (IF) of some epitopes that remain after proteinase digestion and, to some extent, with fluorescent protein markers such as tdTomato. Our WH-FISH technique provides an approach to detect cell-specific quantitative differences in developing and mature adjacent cells, an emerging issue revealed by improved cellular expression profiling. Further, the presented technique may be useful in validating single-cell RNAseq data on expression profiles in a range of tissue known or suspected to have locally variable mRNA expression levels.
Introduction
The inner ear presents one of the most complex cellular assemblies of the mammalian body, with two different types of hair cells and seven distinct types of supporting cells organized into a single hearing organ, the organ of Corti (Jahan et al. 2015a ). In addition, at least two types of spiral ganglion cells innervate the organ of Corti (OC) with distinctly distributed afferent nerve fibers (Dabdoub et al. 2016 ). These different cell types are not only tightly spaced and distinct in radial direction but are also known to show longitudinal expression variation in several genes related to tonotopic organization . These variations can be seen in locally distinct reactions to gene mutations (Jahan et al. 2015b; Nakano et al. 2012) . Available data suggest that variable levels of expression at the cellular level of more than one gene need to be analyzed to reveal local cellular variability and its dynamic development changes (Imayoshi and Kageyama 2014; Isomura et al. 2017; Jahan et al. 2015b) . Such information could help us understand how local variations of common cell types, such as length variation of hair cells from base to apex (Booth et al. 2018) , develop in order to guide restoration of lost cell types. We present here initial data suggesting that such approaches are possible using RNAscope whole mount fluorescent in situ hybridization (here referred to as WH-FISH) alone or in combination with other techniques (Wang et al. 2012) .
Since its introduction only 6 years ago (Wang et al. 2012) , RNAscope in situ hybridization (ISH) methods have been cited in over 500 papers covering a wide range of applications, tissues and species but with thus far limited use in the brain and sensory organs. Given the design of multiple RNA binding sites, RNAscope surpasses traditional immunofluorescent approaches to detect mRNA in pathological tissue (Bingham et al. 2017 ). In addition, RNAscope ISH can reveal microRNA species (miRNA; Yin 2018) and possibly also long non-coding RNA (lncRNA; Soares et al. 2017) , both of which have emerged as major regulators of early development (Alvarez-Dominguez and Lodish 2017; Booth et al. 2018; Kersigo et al. 2011; Weston et al. 2011) . Fluorescent in situ hybridization with RNAscope multiplexing promises to evaluate distribution of several species of mRNA (Wang et al. 2015 ) that can go beyond enzymatically amplified multicolor fluorescent in situ hybridization approaches (Hauptmann 2015; Hauptmann et al. 2016 ) by adding quantification. Indeed, multiplexed WH-FISH could allow complete quantification of local mRNA within a given set of cells, if properly calibrated using quantitative real-time PCR (qPCR; Bustin et al. 2010) .
Taking cues from existing RNAscope FISH protocols (Gross-Thebing et al. 2014; Morrison et al. 2017) , we modified our well-established inner ear whole mount ISH protocol (Duncan et al. 2015; Fritzsch et al. 2016) to provide a simple whole mount FISH (WH-FISH) protocol that can be combined with immunofluorescence (IF). We show that this WH-FISH mouse inner ear protocol can be applied not only across stages of ear development but also to other tissues as well. We also show that RNAscope WH-FISH can be combined with immunofluorescence and endogenous fluorescent protein markers like tdTomato.
Materials and methods

Animal model(s)
Mice derived from a mixed C57BL/6J and BALB/cJ background collected at embryonic day 18.5 (E18.5) or postnatal day 2 (P2) were used for this study. The mice were wild type and exhibited no phenotype. In addition, we used knock in TrkC-tdTomato reporter line to analyze its possible combination with the RNAscope method (Orefice et al. 2016; Zheng et al. 2014) . Specifically, the TrkC-tdTomato mouse was generated by inserting a myristolyation-signal-tagged tdTomato after the ATG start sequence in exon1 of the TrkC gene to visualize the expression of TrkC (Bai et al. 2015) . The University of Iowa, Decibel Therapeutics, or Harvard University Institutional Animal Care and Use Committee reviewed and approved all procedures used here.
Tissue preparation
Transcardial perfusion/fixation
Mice were anesthetized with 1.25%, v/v 2,2,2-tribromoethyl alcohol (Avertin) at 0.025 ml/g body weight IP. After assessing the depth of anesthesia with toe/tail pinch and ocular reflex, the mice were secured in a supine position to a large dissecting dish using straight pins through the extremities. The skin was superficially incised on the midline from below the xiphoid process to the neck being sure to avoid major vasculature. The thoracic cavity was exposed by cutting the diaphragm laterally from the xiphoid process and then rostrally avoiding the heart and lungs. The heart was perfused with 4% paraformaldehyde (PFA) in 1× phosphate-buffered saline (PBS) through the left ventricle using a 30G ½″ needle and the Masterflex C/ L peristaltic pump. Forceps were used to puncture the right atrium to allow drainage. The perfusion continued until the liver appeared blanched, the body was stiff and the drainage fluid ran clear. The head was removed at the neck with blunt scissors and skin incised from caudal to rostral along the midline to expose the sagittal suture of the skull. Using forceps for stabilization, a razor blade was used to hemisect the head. Tissues of interest were then removed (brain and/or inner ear with the stapes footplate removed) in 0.4% PFA in 1× PBS and immersion fixed in 4% PFA with gentle agitation at room temperature for 1 h.
Dissection/sectioning
All microdissection and sectioning were done in 0.4% PFA in RNase-free 1× PBS to ensure RNase-free conditions. Using fine instruments, the cartilaginous capsule was removed from around the inner ear and cochlea exposed. The cochlea was removed and cut into three sections: apex, middle turn and base. For best results, the tectorial membrane was removed. The vestibular end organs were also dissected for optimal penetration and flat-mount ability.
Brain tissue was prepared after perfusion by cutting the cerebellum with a razor blade by hand along the sagittal plane and collected in a non-treated 24-well tissue culture plate. The thickness of the sections varied between 200 and 500 μm as assessed using the z-axis motor of the confocal microscope. Using brain tissue slabs of variable thicknesses allowed us to estimate penetration depth.
RNAscope assay
Pretreatment and probe hybridization
Dissected tissue was washed in 0.1% Tween 20 in RNase-free 1× phosphate-buffered saline (PBT) three times followed by dehydration in a graded methanol (MeOH)/PBT series (50%, 75% MeOH-PBT, 100% MeOH) with gentle agitation at room temperature for 5 min each. Tissue was safely stored in 100% MeOH before continuing if needed (up to 3 weeks at − 20°C appeared not to affect the assay). The tissue was rehydrated in a reverse MeOH/PBT series and washed three times for 5 min each in PBT. The tissue was treated with Protease III solution (ACD 322337, 1×) according to type (7-17 min, see Table 1 ) with gentle agitation at room temperature. Probe solution (ACD; see chart in "Amplification and Signal Enhancement") was pre-warmed (40°C for 10 min), cooled (room temperature 10 min), gently mixed and briefly centrifuged to ensure that there was no precipitate in solution. Up to three different probes/channels were used (C1-C3). Probes were diluted per manufacturer's instructions (C1 is a 1× probe, C2 and C3 probes are 50× concentrations). To make a multiplex probe mixture at 1× concentration, the C2 and C3 probes were mixed 1:50 with the C1 probe. Only enough probe solution to cover the tissue was used. The tissue was incubated for 8-10 h (see Table 1 ) at 40°C with light agitation (or periodic manual agitation) being sure that they remained freefloating in the tube.
Amplification and label probe hybridization
All incubation periods were carried out with gentle agitation (best practice) or periodic manual tube inversion. Probe solution was recovered in a new tube and stored at 4°C for reuse up to 6 months. Tissue was washed in RNase-free 0.2× saline sodium citrate (SSC) three times at room temperature for 15 min each. The tissue was refixed in 4% PFA for 10 min to ensure tissue integrity and then rewashed with 0.2× SSC three times for 5 min each at room temperature. SSC solution was replaced with Amp1 (ACD, 1×) pre-amplifier hybridization solution and allowed to incubate for 35 min at 40°C before washing as above with SSC. SSC was replaced by Amp2 (ACD, 1×) signal enhancement solution and incubated for 20 min at 40°C before washing as above. SSC was replaced by Amp3 (ACD, 1×) amplifier hybridization solution and incubated for 35 min at 40°C before washing as above. SSC was replaced by Amp4 (ACD, Alt A-C 1× varieties, see Table 2 ) label probe hybridization solution and incubated for 20 min before washing with SSC three times for 5 min each at room temperature. The tissue was protected from light from this point forward.
Immunofluorescence and nuclear stain
Following the RNAscope protocol, it is possible to add immunofluorescence (IF) and/or nuclear staining as previously described (Duncan et al. 2015) . We only used antibodies previously shown to recognize their epitope after proteinase K digestion. Tissue was washed several times in 1× PBT and blocked with 5% normal goat serum in 1× PBS containing 0.25% Triton X-100 for 1 h at room temperature. The tissue was incubated in primary antibodies anti-acetylated tubulin (Millipore-Sigma T7451, 1:800) and/or anti-myosin-VIIa (Myo7a, Proteus Biosciences 25-6790, 1:200) for 48 h (ear) or 72 h (brain) at 4°C. The tissue was washed for several hours and blocked again as above before incubating in secondary antibodies Alexa Fluor IgG (H + L) goat anti-mouse and/or goat antirabbit (Invitrogen, 1:500) and Hoechst nuclear stain (Polysciences Inc., 5 μg/ml) for 12 h (ear) or 24 h (brain) at 4°C. Finally, the tissue was washed for several hours in 1× PBS before viewing.
Combination with endogenous fluorescent proteins
Fluorescent proteins of various colors are widely used to label specific proteins and their distribution within cells. In situ hybridization requires some proteinase digestion to allow penetration, particularly in thicker tissue. While our initial attempts using the digestion times recommended by previous RNAscope whole mount techniques resulted in near complete loss of such signals, shortening the period to 7 min allowed us to retain enough fluorescent protein to verify that the RNAscope in situ signal overlapped with the fluorescent protein signal in spiral ganglion neurons (TrkC-tdTomato in Fig. 3 ).
Imaging
Prolong Diamond Anti-fade Mountant (Invitrogen) was used to preserve all fluorescent signals while imaging per manufacturer's instructions. Imaging was with a Leica SP5 or Zeiss 800 confocal microscope using appropriate filter settings (Table 3) for the various dyes used. Images were taken with 10× (0.5 NA), 20× (0.7 NA) and 40× (1.4 NA) lenses as single stacks with spacing varying between 1 and 4 μm between images. Image stacks were collapsed to generate single images.
Quantification of puncta
Images were analyzed in ImageJ software (v1.51p) using the threshold function. The settings for the lower and upper threshold levels were set at 70 and 255, respectively, to minimize risk of false positives but still capture faint puncta signal. After, the analyzed particle function was applied with pixel size (pixel 2 ) set from 0-∞, circularity from 0 to 1.0 to include all puncta. For image presentation, the selected puncta are displayed from the resulting output. To mimic the MIQE qPCR approach (Bustin et al. 2010 ) that requires for each data point to have three biological replicas and three technical replicas, we recommend to quantify puncta in at least three equal-sized squares for a given area as indicated (Fig. 4) to generate distribution differences per area. We recommend using collapsed images of complete stacks through the tissue (Fig. 5) 
Trouble shooting
The most critical issue is the length of fixation and proteinase digestion of tissue. The latter is crucial for complete penetration of WH-FISH and also defines how much residual fluorescence remains of the fluorescent proteins we tested here (tdTomato). We found that digestion exceeding 7 min resulted in loss of endogenous fluorescence of dtTomato. We immunostaining of processes to reveal their projection to distinct targets such as the hair cells of the organ of Corti (Fig. 3) . The fluorescent protein tdTomato is affected by the needed digestion with a loss of much of the signal except for labeled cell bodies. We obtained this residual labeling only after we slightly reduced the digestion time to 7 min while maintaining a similar level of penetration of the RNAscope reagents. Fig. 2 RNAscope WH-FISH can be combined with Hoechst nuclear staining (a). The in situ signal for Myo7a (b), Ntf3 (c) and Cdc42 (d) is not associated with cellular density that is highest in the greater epithelial ridge (GER, shown with nuclear staining in a and e). Myo7a (b, e) labels individual hair cells of the organ of Corti (OC) shown as three rows of outer hair cells and one row of inner hair cells. At P2, the neurotrophin Ntf3 is predominantly distributed in the supporting cells around the inner hair cells, forming a red line separating the single row of inner hair cells from the three rows of outer hair cells (c). There is a strong Ntf3 expression in a row of supporting cells flanking the outermost row of outer hair cells (c, e). Note that Hoechst stain is false colored as cyan in the single image (a) but is blue in the combined image (e) for better visibility of the combined colors. See Fig. 1 for abbreviations The importance of whole mount imaging of two or more RNAscope signals in whole mounts can be revealed in cases with apparent longitudinal expression level changes. For example, neurotrophins are known to go through rapid embryonic and neonatal expression level changes (Fariñas et al. 2001; Pirvola et al. 1992) , whereas no such changes have been reported previously for neurotrophin receptors Ylikoski et al. 1993) . We show here that TrkB and TrkC receptors seemingly display both a longitudinal (Fig. 4 a, b) and a local radial (Fig. 4 c, c' , c") expression variation. Our details (c, d) show that TrkCtdTomato fluorescent protein can be combined with immunofluorescence using antibodies against tubulin. Note that the spiral ganglion neuron (SGN) cell bodies are nearly exclusively labeled with RNAscope (b) and that the RNAscope granules overlap with the tdTomato labeled spiral ganglion neurons cell bodies (SGN in a, d ). Rendering RNAscope signal in such overlapping labeling into white dots (d) allows easier quantification. Note that anti-tubulin staining shows the radial fibers (RF) extending to the organ of Corti (OC) and also shows the intraganglionic spiral bundle (IGSB) at the borders of the spiral ganglion neurons. Abbreviations: IGSB intraganglionic spiral bundle, OC organ of Corti, RF radial fibers, SGN spiral ganglion neurons. Squares in a indicate approximate location of images c and d preliminary quantification using ImageJ supports this impression through puncta counts (Figs. 4 and 5) . Moreover, using similar criteria, the number of puncta varies with the magnification of the lens used (Figs. 4 and 5) . These preliminary data need further exploration at different stages to see how it compares to the well-known ligand expression dynamics of neurotrophin ligands in the ear as revealed by qPCR (Bailey and Green 2014) .
We also show that the RNAscope WH-FISH method is applicable to other tissues. Specifically, we show that the distribution of the probes shown above for the whole mount organ of Corti works for thick sections of the cerebellum (Fig. 6 ). In addition, combining RNAscope with Hoechst nuclear staining allows the identification of RNA signal distribution in the highly ordered cerebellar cortex (Fig. 6 ).
Discussion
The increased insights into expression differences in adjacent cells and their complex regulation at the RNA and protein level (Booth et al. 2018 ) require novel techniques that go beyond expression profiles of isolated cells (Burns and Stone 2017) to establish variation of nearby cells. We use the distinct topological distribution of the nearly two-dimensional mammalian organ of Corti (Jahan et al. 2015a ) to demonstrate that expression of different genes can be visualized (Figs. 1, 2, 3 and 4) and quantified (Figs. 4 and 5) . In addition, we show that the basic principle developed in the whole mounted ear can be expanded to thick brain sections (Fig. 6 ). Data generated with WH-FISH approaches can establish locally distinct levels of expression of one or more genes needed to understand how local cell-specific expression levels contribute to global cellular variability and its orchestrated development. Ideally, one not only likes to see the expression of a given gene in a given cell, such as a spiral ganglion neuron but also analyze at the same time its peripheral innervation to verify how a given profile relates to distinct projection development such as nerve fibers growing to outer hair cells (Fig. 3) .
Our data show that as with traditional in situ hybridization (Duncan et al. 2015) , RNAscope WH-FISH can be used for multiplexed fluorescence and can be combined with immunofluorescence and endogenous fluorescence from reporter proteins labeling. Whole mounts Fig. 4 Comparison of colocalized neurotrophin receptors using different magnifications. Note that the WH-FISH double labeling shows an apparent gradient within the spiral ganglion neuron populations (SGN). Specifically, at E18.5, there appears to be a stronger expression of neurotrophic tyrosine kinase receptor 2 (Ntrk2, here labeled as TrkB) in the apex (a, more green dots), whereas neurotrophic tyrosine kinase receptor 3 (Ntrk3 here labeled as TrkC) is more prominent in the base (b, more lilac dots). Note that many green (TrkB) dots are outside the area of the SGN and thus should not be quantified. In the middle turn (c), there appears to be also a minor advantage for TrkC dots (c', c"). Importantly, the total number of dots recognized will co-vary with the magnification and resolution of the lens (20 × 0.75 NA for a, b; 40 × 1.35 NA for c, c', c"). Square in "b" shows one of three areas used for detailed quantification of dots in Fig. 5 of the ear allow both an overview of expression profiles (Figs. 1 and 3) and detailed expression profiles (Figs. 2, 3 and 4) that allow quantitative analysis of RNAscope puncta (dots) using various techniques for spot counting previously described (Morrison et al. 2017; Yin 2018) . Antigens previously identified to be retained after proteinase K digestion (Duncan et al. 2015) were also found to be retained after RNAscope (Protease III) digestion as shown by myo7a and tubulin immunofluorescent labeling (Figs. 1 and 3) .
RNAscope can be combined with endogenous fluorescence from reporter proteins like tdTomato (Fig. 3) . However, we noted a signal reduction allowing only to image the cell bodies while fibers that were clearly visible in control animals did not retain enough fluorescent protein to be imaged. Modifications of the digestion beyond the range we tested (7-17 min) could allow finding a compromise that allows retaining such proteins without compromising penetration of the in situ probes.
The importance of whole mount RNAscope (WH-FISH) labeling becomes apparent when comparing the gradients of expression level differences of two neurotrophin receptors (TrkB and TrkC) in all spiral ganglion neurons but also local variation in intensity (Figs. 4 and 5) . Quantification of puncta (dots) using readily available ImageJ software supports this notion by showing slightly more TrkC and TrkB dots in the middle and the base (Fig. 5) but obviously more TrkB compared to TrkC dots in the apex (Fig. 5) . We also noted that the same settings for quantification could generate large differences in total dots correlated if resolution was not considered. Higher resolution power of the microscope lens used is the reason for such differences (20 × 0.75 NA versus 40 × 1.4 NA).
For unbiased quantification, we suggest using at least three (preferentially six) equally sized squares of a given region imaged per each of at least three biological samples to mimic the suggested quantification of the MIQE protocol for qPCR (Bustin et al. 2010 ). Ideally, one should be able to compare the mean expression levels obtained with a normalized approach for RNAscope with those obtained from qPCR assays of the same tissue type. More quantification is needed to consolidate this initial finding and verify if Trks show rapid changes in expression level comparable to those of neurotrophins in the ear (Bailey and Green 2014; Fritzsch et al. 2016 ) that were previously unrecognized due to technique restraints (Ylikoski et al. 1993 ).
Conclusion
We modified previous RNAscope whole mount (WH-FISH) approaches to allow multiplex staining of various gene expressions in the neonatal mouse ear and thick brain sections. We show that the RNAscope assay can be combined with certain antibodies to label nerve fibers and cochlear hair cells but may Fig. 4 ). An increase in microscope lens magnification and resolution (NA) dramatically increases the number of detectable dots for the same area by an order of magnitude (right, 40 × 1.35 NA, "b" in Fig. 4) . Therefore, use of the highest possible resolution lenses is recommended for all quantification reduce endogenous fluorescent proteins due to proteinase digestion. It is possible that other epitopes will remain immunopositive after digestion and can be used for immunofluorescent labeling in combination with RNAscope WH-FISH and nuclear staining. We demonstrate the importance of whole mount approaches to mRNA expression profiling that should be adaptable to various tissue types and fields of research.
